Abstract-This paper presents a simple broadband network analyzer technique for measuring balanced loads, such as antennas, without a balun. The technique uses the normal two-port calibration of the network analyzer, which is extended by the addition of two short lengths of cable. From the measured data, a circuit model of the antenna impedances can be found, and both the balanced and unbalanced impedances are readily extracted. Measured and computed data are presented and compared.
I. INTRODUCTION
T HE MEASUREMENT of balanced loads using a network analyzer without a balun is a common requirement during antenna measurements. Recently, a technique using nonstandard calibrations has been published [1] whereby the differential impedance can be found, but the frequency limitation of the calibration standards limits the high-frequency performance. The technique proposed here overcomes this limitation by using the standard network analyzer calibration supplied by the manufacturer. In addition, both the common mode and differential mode impedances can be found using the proposed technique.
II. MEASUREMENT SYSTEM
The proposed model for the impedances is shown in Fig. 1 . Vd and Vc are the balanced and unbalanced excitation voltages, nodes A and B are the antenna feed terminals, and Z a , Z b (normally, Z a = Z b ), and Z c model the antenna impedances. The impedances, Z a and Z b , are the impedances between each antenna terminal and ground, and Z c is the impedance between the antenna terminals. The common mode impedance is Z common = Z a Z b and the differential mode input impedance is Z diff = Z c (Z a + Z b ) (see the Appendix for derivation). The antenna or balanced load under test is modeled as a threeterminal system. If, for example, a dipole is considered, the one arm of the dipole can be assumed to be connected to terminal A and the other arm of the dipole to terminal B. The signal ground in the case of the dipole may be the ground of the transmission lines feeding the dipole arms. In order to visualize this more clearly, Fig. 2 shows the dipole connected in a conventional two-port network. On the left and right sides of the figure are the ports of the network analyzer. Each arm of the dipole is connected to one of the ports of the network analyzer, respectively. The dipole impedances are also shown schematically.
A photo of the proposed jig for measuring balanced loads is shown in Fig. 3 , and Fig. 4 shows how the jig would be connected to measure a dipole. Here, a network analyzer is shown where each port is connected with coaxial cables to one of the semirigid cables, respectively. The two semirigid cables are soldered together on their outer conductors and are used as port extensions to bring the feed points close to the antenna terminals.
To measure the antenna, five steps are followed.
1) The network analyzer is calibrated at the SubMiniature version A (SMA) connectors using the manufacturer supplied standards.
2) The parameters of the two semirigid cables are found from a short circuit measurement. This will be discussed further in the next section. 4) The antenna S-parameters are obtained by deembedding the influence of the semirigid cables from the S-parameters measured at the SMA connectors. 5) The antenna impedances are derived from the S-parameters.
III. REMOVING THE EFFECT OF THE SEMIRIGID CABLES
During step 2) of the measurement process, the semirigid cables of the jig need to be characterized. The cables are, as a simplification, each modeled as a transmission line having attenuation α and phase delay β. In order to measure these values, a short to ground is placed on the end of the semirigid cables, and the complex input reflection coefficients of both cables are measured. The phase of this measurement yields βl as the measured phase represents twice the electrical length of the cable as well as a 180
• phase reversal due to the short placed at the ends. The attenuation over the length of the line is obtained by dividing the measured magnitude (in nepers) of the reflection coefficient by 2 to yield αl.
With α and β of the two semirigid cables known, their ABCD-parameters may each be written as [2] 
where Z 0 was taken as unity for the normalized case.
It must be mentioned that the model assumes no reflections off the connections at the SMA connectors. The reflection is typically measured as −20 dB or lower and is negligible for most antenna measurements.
With the parameters of the two semirigid cables known, the full two-port S-parameters can now be measured with the antenna connected to the jig. With these parameters, S11, S21, S12, and S22 known, the differential and common mode impedances, Z diff and Z common , of the antenna are desired in terms of these. To find these impedances, the following calculations were performed: First, the ABCD-parameters of the full measurement were found in terms of the S-parameters using [3] . Next, the ABCD-parameters of the antenna were isolated. This was done by extracting the influence of the semirigid cables from the measurement, which required the preand postmultiplication of the ABCD-parameters of the full measurement with the inverse of the ABCD-parameters of the two semirigid cables. Next the Y-parameters of the antenna were found by converting the ABCD-parameters of the antenna into Y-parameters. Now, using the Y-parameters, the impedances Z a , Z b , and Z c can be found (see the Appendix for derivation). Finally, the impedances Z diff and Z common are given by (as also shown in the Appendix)
where Z a , Z b , and Z c are the impedances as shown in Fig. 1 .
IV. RESULTS
Typical results are presented for a narrowband dipole and a broadband bow tie antenna.
A. Dipole Antenna
Two pieces of brazing rod, each 152 mm long and 3 mm thick, were soldered onto the center conductors of the semirigid cables yielding the dipole to be measured.
A pair of coaxial cables approximately 3 m in length were used in the measurements. To confirm the accuracy of the measurements, the dipole was also measured in the conventional manner where a ground plane and the method of images uses only one "arm" of the dipole. The measured input impedance is then multiplied by 2 to find the differential input impedance. As a further validation, a computer simulation was also conducted. Fig. 5 shows how the two-port measurement was modeled in FEKO [4] . The two coaxial cables (soldered together) are represented by one thick wire. The two feed segments attached to the left and right arm of the dipole represent, respectively, port 1 and port 2 of the network analyzer.
The differential performance of the dipole was modeled in FEKO with a delta gap feed and without any cables. Fig. 6 shows the measured and computed results using an infinite ground plane and image theory versus the proposed two-port measurement. It is seen that the two measurements compare well in form and value. The computed result shows only a slight shift in frequency and amplitude-a common occurrence when numerical tools are used to model antennas.
The common mode impedance of the dipole did not compare satisfactorily to that of the simulation and is not shown. This is to be expected due to the fact that, in this case, the common mode current path along the outside of the coaxial cables affects the results due to the cable routing in the laboratory. In an attempt to verify this, the measurement was repeated with an electromagnetic compatibility (EMC) box added as shown in Fig. 7 . The EMC box was added to try to obtain better control of the laboratory common mode current. The EMC box consisted of a triangular roof-top-shaped aluminum ground plane of roughly 50 cm 2 . A hole was drilled in the center of the ground plane into which the semirigid cables were soldered. Fig. 8 depicts the real and imaginary parts of the dipole common mode impedance Z common with the EMC box in place. The results compare the measured common mode impedance to the FEKO-computed common mode impedance, both obtained with the EMC box added.
For a second computational model, the two dipole arms were joined together at the feed point and a delta gap feed was inserted between the cylinder (representing the semirigid cables) and the feed point (see Fig. 9 ). Fig. 10 depicts the comparison of the real part of the common mode impedance in FEKO using the two feeding methods. It is seen that the curves are in reasonable agreement.
B. Bow Tie Antenna
To show the flexibility of this proposed method, a bow tie antenna was measured over a 1-7 GHz frequency range. The geometry of the bow tie antenna is shown in Fig. 11 . The bow tie had a flare angle of 90
• and the hypotenuses were of equal length.
The bow tie antenna was measured using two methods. The first method was the conventional method where the method of images is used-only one "wing" of the bow tie is used Fig. 11 . Drawing of the bow tie antenna. Fig. 12 . Differential input impedance of the bow tie antenna comparing the measurement technique proposed here (two-port jig) with a direct measurement using image theory (conventional).
with a ground plane to provide the mirror image of the "wing." The second method was the two-port measurement proposed in this paper. Fig. 12 shows the measured graphs for the differential input impedance. The two measured curves are in good agreement. No deterioration in accuracy with rising frequency is visible.
V. SENSITIVITY ANALYSIS
A sensitivity analysis was performed to identify which variables in the measurement procedure have the most influence on the results. The variables considered here are given as follows:
1) the S-parameters of the full measurement; 2) the semirigid cables.
A. Sensitivity Equation
The sensitivity of some performance measure y with respect to an element value x may be given by [5] 
If y is a function of several variables [y = f (x1, x2, . . . , x n )], then the sensitivity of y with respect to x i is
The sensitivity S is usually given as a percentage. The definition in (5) gives the variable term as the differential, firstorder, classical, relative, or Bode sensitivity. In this case, the sensitivities for the magnitude and the phase of several variables are required, necessitating a complex number sensitivity analysis. Since (5) does not provide information on complex values, the sensitivity equation for complex values may readily be derived for a complex network function, H = |H|e jφ , as
where US φ x is the unnormalized sensitivity of the phase of φ with respect to x.
B. Sensitivity of the Antenna Impedances in Terms of the Measured S-Parameters
The sensitivity of the differential and common mode impedances to errors in the S-parameters of the full measurement was calculated. In order to confirm the correctness of the sensitivities, an analysis similar to a Monte Carlo analysis was also performed. Here a 1% error in the S-parameters of the measurement was introduced on purpose to compare the impedances with errors to those without errors. The sensitivity equation (5) necessitated the expression of the differential and common mode impedances in terms of the measured S-parameters. This was derived as follows.
To find the combined sensitivity for all the S-parameters together, the individual sensitivities were combined by adding the modulus of the sensitivities for the individual S-parameters. Unfortunately, the angle sensitivities could not be expressed in their normalized form (as a percentage) due to the fact that the angles of the impedances cross through zero, therefore, causing division by zero in the normalization process. Fig. 13 shows the sensitivity of Z diff of the bow tie for the magnitude and phase of all the S-parameters. It is seen from the magnitude that any error made in measuring the S-parameters will cause an error of lesser magnitude in the resulting impedances. It must be emphasized that the results shown in Fig. 13 are for the specific set of measured S-parameters of the dipole and semirigid cables combination.
When considering the sensitivity results of Fig. 13 , it can first be seen that the two methods for determining the sensitivities (classical sensitivity factors and Monte Carlo) yield virtually the same results as the two curves are indistinguishable from each other. When the sensitivity and the figure for the differential impedance (Fig. 12) are compared, it can clearly be seen that the sensitivities are higher where the antenna impedance is high. The sensitivities are satisfactorily low in that a 1% error in the measurements translates to a less than 1% error in the results. Although the angle sensitivities are not expressed in their normalized form (as a percentage), one can assume that the influences of the angle changes on the antenna impedances are negligible due to their extremely low values.
C. Semirigid Cables
The effects of the semirigid cables on the results were determined by investigating the sensitivity parameters for cable loss α and phase βl.
Figs. 14 and 15 show the sensitivity of the bow tie antenna's differential impedance to α and βl of one of the semirigid cables. The sensitivities of Z common are not shown. It is seen in the figures that the results are very insensitive to the errors made in measuring the losses (α) of the semirigid cables. However, the sensitivity to errors made in measuring the electrical length (βl) of the semirigid cables is high. This practically means that the length of the semirigid cables should be kept short if practical.
VI. CONCLUSION
Measured and computed results were presented to show that no balun is required to measure the impedance of a balanced load such as antennas. The proposed method, which works well over a wide bandwidth, is not sensitive to the measurement equipment used allowing standard calibration kits and semirigid cables to be used. In Fig. 16 and using Y-parameters, it is seen that
To find Y 11 , source V 2 is short circuited
Similarly, to find Y 22 , source V 1 is short circuited
Substitute (13) into (10) and solve for Z a
Similarly, to find Z b , substitute (13) into (11) and solve for Z b yielding
In Fig. 16 , it is seen that when the load or antenna is driven differentially, i.e., Vc = 0, the input impedance is Z diff = Z c (Z a + Z b ). Note that in many cases, Z a and Z b are large, in which case, Z diff may be approximated as −1/Y 21 .
The common mode impedance of the antenna, i.e., Vd = 0, is obtained as follows: With Vd = 0, the circuit in Fig. 16 simplifies to the source Vc driving the impedances Z a and Z b in parallel. Therefore, Z common = Z a Z b .
